Introduction
Recently, high-index-contrast gratings (HCGs) have attracted attention due to their novel characteristics [1] [2] [3] [4] [5] [6] . A HCG is a single layer structure with an inscribed one-or twodimensional sub-wavelength-scale periodic patterning that can provide very high reflectivity over a broad bandwidth [1] . Thanks to a simple and compact structure, HCGs are strong candidates to replace conventional Bragg reflectors, as applied e.g. in vertical-cavity surfaceemitting lasers (VCSELs). Also, the ability to strongly modify the grating properties, e.g. via the duty cycle (ratio of a dielectric part width over periodicity), enables the engineering of grating reflectors for a number of different applications. These include simpler epitaxial structure [2] , high differential efficiency [2] , strong single-transverse-mode operation [3] , broad wavelength tunability [4] , polarization control [2] [3] [4] [5] , and light emission into an in-plane silicon photonics chip [5] . Another interesting property of HCGs is that the phase of the reflected or transmitted light can be controlled, while maintaining a high reflectivity. Recent work [6] has demonstrated that the reflected light can be focused by introducing a parabolic phase front to the reflected beam through the spatial modulation of the grating duty cycle. For integration into VCSELs, phase front control over the transmitted beam is highly interesting, since this would enable to steer the propagation direction of the output light as well as focusing. For example, as illustrated in Fig. 1(a) , the light collection from multiple VCSELs to an optical fiber could be facilitated by directly steering the output light from each VCSEL element. This integrated approach would eliminate the need of an external lens for beam collection ( Fig. 1(b) ). As illustrated in Fig. 1(c) , dynamic beam steering would be possible if the refractive index of the HCG could be controlled, e.g. by using the electro-optic effect or the free-carrier plasma effect. These novel functionalities would considerably reduce the lens/optics packaging cost and provide design flexibility in the packaging and free-space optical interconnects. So far, there has been no extensive investigation of the beam steering of the transmitted beam. In this paper, we investigate the fundamental ability of an HCG to manipulate the phase front of a transmitted light beam and formulate useful design rules for the realization of practical structures. Based on these rules, HCG structures are fabricated and experimentally demonstrated to have beam steering ability. Such structures are promising for replacing the output mirror in VCSELs.
The paper is organized as follows. In Section 2, the simulation methods employed to determine the properties of periodic and non-periodic HCG structures are briefly described. In Section 3, the HCG design issues as well as the characterization set-up are discussed. The procedure to design a HCG structure with a linearly varying phase profile that complies with additional application requirements is explained. In Section 4, numerical simulations and experimental characterization results are presented that demonstrate the beam steering ability of HCGs. The theoretical rules are compared with the measurements and good agreement is found.
Simulation methods
In this work two different kinds of HCGs are analyzed. First, the transmission and reflection properties of periodic gratings are investigated using the rigorous coupled-wave analysis (RCWA) method [7, 8] . In this approach the periodicity of the structure is exploited to solve Maxwell's equations. A linear system of equations is built from the boundary conditions. The system solution yields the field distribution, as well as the transmission and reflection characteristics. Extensive simulations are performed to find sets of HCG parameters that provide the targeted transmission phase and transmittivity.
Second, based on RCWA results, grating key parameters are varied within the structure to realize non-periodic HCGs featuring the desired phase profile. It is assumed that the local phase response and the local transmittivity of the non-periodic HCG structure depend on the local grating parameters. This assumption is proven later in Section 4. The commercial software COMSOL implementing the finite element method (FEM) is used to simulate the non-periodic structure. Perfectly matched layers are employed at the simulation domain boundaries.
HCG design, fabrication, and characterization set-up
The HCG is a one-or two-dimensional photonic crystal slab surrounded by low refractive index materials. The HCG structure investigated in this paper is depicted in Fig. 2 . The grating is implemented in the top Si layer of a silicon-on-insulator (SOI) wafer. For VCSEL integration, the grating layer and the substrate layer in Fig. 2(a) can be III-V semiconductors while the low index material layer can be air [2] or oxide [3] . The structural parameters, i.e., grating thickness, t g , low-index layer thickness, t l , grating periodicity, Λ and grating duty cycle, as well as the refractive indices of the materials employed, n h and n l , determine the spectral properties of a periodic HCG. Since varying t g is not feasible due to the multiple etching steps it would imply, here only variations of Λ and the duty cycle are considered. The refractive indices of Si (n h ) and buried SiO 2 (n l ) of the SOI wafer are 3.47 and 1.47, respectively. From the simulation results, the grating thickness t g is chosen to be 500 nm, allowing a large transmission phase change ∆Φ at the target wavelength of 1.55 µm. As shown in Fig. 2(a) , a non-periodic HCG of width d is located between two different periodic HCGs. The transmittivity within the non-periodic HCG region is designed to be higher than those of the two periodic HCG regions in order to have the light transmitted only from the non-periodic HCG region. Within the non-periodic HCG region, the local phase, Φ(x,y) of the transmitted light is designed to vary linearly by gradually changing the grating structural parameters. In this implementation, the grating periodicity Λ is varied along the x-axis, while the duty cycle is kept constant. Thus, the phase profile becomes x-dependent, Φ(x). If necessary, variation along the y-axis also can be introduced. In the left and the right periodic HCG regions, different Λ values and duty cycles are applied.
To deflect a beam to a specific angle, θ, the phase response should be linearly varying in space, Φ(x) = α x x, where α x is a proportionality factor and has the unit of rad/m. The steering angle, θ depends on α x : Assuming a plane wave is recovered just after the HCG, the transmitted electric field may be expressed in the form E = E 0 (x)exp[-jk(xsinθ + zcosθ)], where E 0 (x) is a slowly-varying power envelope and k = 2π/λ is the wave number at the wavelength λ. For a fixed z coordinate, the phase of the field is only a function of x: arg(E) = Φ(x). When the phase in this direction is given by a linearly varying profile, the beam would be deflected to an angle of θ = sin −1 (α x /k). As shown in Fig. 2(a) , the total phase difference between the extremes of the HCG is ∆Φ, and thus the proportionality coefficient is α x = ∆Φ/d. Substituting this in the expression above to estimate the deflection angle gives (1) This equation relates the design parameters ∆Φ, d and the wavelength λ to the steering angle θ achieved by the structure. It is noted that at a certain wavelength, larger steering angles can be obtained by increasing the total phase shift, ∆Φ throughout the structure or by decreasing the grating width, d. It is also seen that for longer wavelengths, i.e. smaller wave number, the beam deflection may increase for a constant ∆Φ/d ratio.
The relationship expressed in Eq. (1) will be useful to design HCGs that have to comply with a set of specific requirements which depend on the application. For example, if the HCG is to be employed as the output mirror of a VCSEL, the reflectivity is required to be about 99.5% for lasing, and the non-periodic HCG region size needs to match the mode size that is typically 5-7 µm [2] . The need to simultaneously fulfill these requirements limits the degree of freedom in controlling the phase response of the grating.
In Fig. 2(b) , the characterization setup is depicted. A polarized laser beam with a wavelength of 1.55 µm is coupled to a photonic crystal fiber. The selected polarization is transverse magnetic (TM) with the electric field vector in the x-axis direction. From the polarization-maintaining photonic crystal fiber with a mode diameter of 10 µm, the beam diverges to a width of about 100 µm at the silica-grating interface. From the transmission side, light is detected using a tapered fiber with small mode dimension (2 µm). In order to avoid the use of additional lens systems to adapt the spot size of the input light to the nonperiodic HCG region size, d, the transmittivity of the sample is modulated as shown in Fig. 2(a) . The total structure, including both non-periodic and periodic regions, is a square of 400 × 400 µm 2 that covers all the area illuminated by the incident light.
The fabrication is performed on an SOI wafer. Electron-beam lithography is performed in order to create a mask for the dry etching of grating grooves. To ensure a high selectivity and anisotropy, a Bosh process is employed for the dry etching: The etching is cyclic, each cycle having two parts. In the first part, the sample surfaces are passivated by depositing a chemically inert layer obtained from C 4 F 8 . In the second part of the cycle, the etching takes place using a plasma of C 4 F 8 and SF 6 . During this part, the passivating layer is removed by ion bombardment, leaving reactive surfaces that are chemically etched. Figure 2(c) shows an example of a fabricated sample.
Results and discussion
Simulation results for the dependence of HCG transmittivity and phase on key grating parameters are shown in Fig. 3 . The results were obtained by using the RCWA method. In the HCG design, to facilitate the device characterization, the transmittivity value targeted for the non-periodic HCG region is 13.9 ± 1.7%, while in the periodic HCG regions the transmittivity is lower than 0.3%. To accomplish this, the duty cycle in the non-periodic HCG region is chosen to be 53%. With the parameters obtained from Fig. 3(b) , the maximum phase shift that can be obtained, while keeping within the range of allowed transmittivity values, is approximately ∆Φ = 150°. The non-periodic HCG region is designed to have a width, d, of 6.2 µm. The corresponding steering angle of the final device, estimated using Eq. (1), is θ = 5.98°. Figure 4 shows the results of a FEM simulation of the designed non-periodic HCG structure. The simulated structure is the same as the one depicted in Fig. 2 . The light source is a plane wave with a Gaussian power envelope and a wavelength of 1.55 µm. Its full width at half maximum (FWHM) is 30 µm. From Fig. 4(a) and 4(c), the deflection angle, θ is 5.5°, which is in good agreement with the value predicted by Eq. (1). In Fig. 4(b) , the phase of the electric field, Φ(x) measured at z = 10 µm matches well the desired phase profile. The slight deviation from the targeted linear phase profile can be attributed to the interference with the diffracted near field: The transition from the near-to the far-field occurs around z~d 2 /λ = 25 µm [9] . The total phase shift, ∆Φ measured in Fig. 4(b) is approximately 150° as designed in Fig. 3(b) . These good agreements in θ and ∆Φ found between the RCWA-based periodic simulations and the FEM-based non-periodic simulations validate our assumption that local transmission phase is determined by local grating parameters. The non-periodic HCG with a linearly varying phase profile, simulated in Fig. 4 , has been fabricated using the procedure outlined earlier. Using the setup described in Section 2, the power of the light transmitted through the grating is measured along the x-axis direction and at different distances, z, from the HCG. In order to avoid the complex transient fields from the near-to the far-field, it is measured from z = 30 µm. The measurement results are presented in Fig. 5 . The spatial position of the peak clearly shifts as the beam propagates further from the grating, indicating beam deflection. The measurements are fitted to a Gaussian distribution. The difference between the fitted curves and the measurements may have several explanations. First of all, due to beam steering, the beam profile would not be exactly Gaussian along the x-axis as the wave front would be tilted by an angle θ with respect to the x-axis. Furthermore, some uncertainty is introduced by the setup. The error in the position of the fibers was ± 0.5 µm. From the Gaussian fits, the peak is displaced by ~7 µm from the first to the last measurements taken at a distance of 30 µm and 90 µm from the HCG, respectively. The measured steering angle is θ = tan −1 [7/(90−30)] = 6.65° ± 0.71°. This value is in excellent agreement with the theoretical values for the considered grating design, including the prediction by Eq. (1).
Conclusions
We have demonstrated that high-index-contrast grating (HCG) reflectors can be used to manipulate the transmitted beam, while simultaneously maintaining high reflectivity for the incident beam. Fabricated structures with a non-periodic HCG region show a beam deflection of ~6°, in excellent agreement with numerical simulations. Basic design rules to realize gratings that impose an engineered phase front to the transmitted beam are explained and their applicability is demonstrated by comparison with simulation and characterization results. The ability of these HCGs to feature high reflectivity as well as wave front control can be advantageous for many applications, such as low cost laser fabrication. Furthermore, this approach can be generalized to obtain different phase profiles from the grating, broadening the set of possible applications as well as opening the possibility for integration of additional functionalities in compact and cheap devices. 
